Clemson, July 2007; Energy Definitions

Introduction to Energy
Thermodynamics - the study of energy and its transformations.

Potential energy - energy contained position or state that could do work if it were released. Chemical potential energy is contained in high-energy electrons in unstable bonds.

Kinetic energy - energy of heat or motion that is capable of doing work. Useful heat energy is concentrated and therefore creates a sharp energy gradient (e.g., between a fire and the cold surroundings, or between the sun and outer space). 

Background (or low-grade) heat - dispersed, disordered heat energy that cannot be used to do work because it is the same everywhere and there is no energy gradient.

Entropy (S) - the degree of disorder and randomness in a system. 

Laws of Thermodynamics
1.
Energy can neither be created nor destroyed, and the total amount of energy in the universe is constant.

2.
No energy conversion can be 100% efficient because some energy is always lost to background heat...or...In chemical reactions that we will study, entropy always tends to increase...or...The useful potential energy of a system always tends to decrease. 

Enthalpy (H) - the total energy content of a system, both that which can do work and that (mostly background heat) that can't do work.

Gibbs free energy (G) - the heat content of a system that can be harnessed to do work.

Positive ∆G - potential of the system to do work is going up, usually because it is absorbing energy and decreasing its disorder. For example, rolling a rock up a hill, building a tower of bricks, and photosynthesis have a positive ∆G.

Negative ∆G - potential of the system to do work is going down, usually because it is releasing energy  and increasing its disorder in the process. For example, letting a rock roll down a hill, knocking over a tower of bricks, and respiration have a negative ∆G.

Exergonic reaction - reaction in which a net surplus of energy is given off.  That is, there is a negative ∆G and the bond energy of the products is lower than the bond energy of the reactants, meaning that the products are more stable (and usually more disorganized) than the reactants.

Endergonic reaction - reaction in which there is a net absorption of energy.  That is, there is a positive ∆G and the bond energy of the products is greater than the bond energy of the reactants, meaning the the products are less stable (and usually more organized) than the reactants.

Equilibrium point - relative concentrations of reactants and products at which the forward and backward reaction rates are equal. If reactants or products are neither added to nor removed from the system, the equilibrium point will have a preponderance of products in an exergonic reaction and of reactants in an endergonic reaction. 

Spontaneous reaction - a reaction with a negative ∆G that proceeds at least to some extent in the forward direction before it attains equilibrium. Although the reaction is “spontaneous,” it might be very slow if it lacks sufficient activation energy.

Nonspontaneous reaction - a reaction with a positive ∆G that moves in the backward direction before it attains equilibrium.
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Work - reactions at equilibrium do no work. The simple ∆G of any reaction at equilibrium is 0. To move a reaction away from the equilibrium point requires work and increases its Gibbs free energy because the reaction will tend to return to equilibrium and could do work in the process. 

Purine - a nitrogenous base with two rings. Adenine and guanine are purines.

Pyrimidine - a nitrogenous base with one ring. Cytosine, uracil, and thymine are pyrimidines.

Nucleoside - a pentose (deoxyribose or ribose) with a purine or pyrimidine attached to its 1’ carbon.

Nucleotide - nucleoside with a phosphate group attached to the 5’ carbon atom of the sugar. 

Nucleotide triphosphate (NTP) - nucleoside with 3 phosphate groups attached to the 5’ carbon atom of the sugar. ATP is an example.

Pyrophosphate bond - an unstable phosphate bond, such as the one in ATP.  When this bond is created (ADP ---> ATP), energy is absorbed.  When the bond is hydrolyzed (ATP ---> ADP), energy is released.  However, energy is rarely simply released; most of the time, the hydrolysis of ATP is coupled with some necessary energy-absorbing reaction which therefore gets its activation energy from the degradation of ATP.

X  --> Y (endergonic) can be accomplished like this:

X + ATP --> X-P (energized, unstable) + ADP

X-P --> Y + Pi (exergonic)

Electron acceptor - a molecule that accepts electrons (and associated hydrogen ions), holds them briefly, and then donates them to another molecule.  The electrons have a lower energy level in the second molecule. A reduced electron acceptor (e.g., NADH) holds extra electrons and H+ ions. An oxidized electron acceptor (e.g., NAD+) does not hold extra electrons and H+ ions.

Reducing power - a reduced electron acceptor that has high-energy electrons that can be passed to other molecules to reduce them.

Electron transport system (ETS) - a series of electron acceptors that passes high energy electrons down an energy "stairway" and releases their energy gradually.

Zero-sum regulation - regulation of metabolic pathways by the relative amounts of two or more forms of a molecule. For example, ATP and ADP are alternate forms of the same molecule. If ATP is high, then ADP must be low. Therefore, reactions that make ATP (and require ADP) will have to slow down when ATP is high. Likewise, reactions that make ATP will automatically speed up if ATP is low and ADP is high.

Alternation of endergonic and exergonic steps - Le Chatelier's Principle
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Respiration
Catabolism - metabolic processes that break down larger molecules and release their energy (e.g., respiration).

Anabolism - metabolic processes that synthesize large molecules from smaller ones (e.g., photosynthesis).

Energy source - a molecule (e.g., glucose) that contains relatively high-energy electrons in its unstable bonds.

Electron acceptor - an atom or molecule (e.g., oxygen) with great affinity for the high energy electrons of the energy source. Once the electrons join the electron acceptor their stability is greater and their energy is lower. Consequently, energy is given off as they make the transition from energy source to electron acceptor.

Oxidation - removal of electrons (and often, H+ ions) from an atom or molecule.

Reduction - adding electrons (and often, H+ ions) to an atom or molecule.

Reduced organic compound - organic compound with up to two hydrogen atoms per carbon atom and a minimum of oxygen atoms. Reduced organic compounds tend to be unstable and have high-energy electrons. Their bonds contain much releasable energy.

Oxidized organic compound - organic compound with many oxygen atoms and few hydrogen atoms per carbon atom. Oxidized organic compounds have stable, low-energy electrons. Their chemical bonds contain little releasable energy.
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Respiration - the process of oxidizing an energy source and reducing an electron acceptor, plus the storing of the energy released as the electrons move from the unstable bonds of the electron source to the stable bonds of the reduced electron acceptor.

Aerobic respiration - respiration in which oxygen is the final electron acceptor.

1 C6H12O6  +  6 O2  -->   6 CO2  +  6 H2O + 686 kcal

Fermentation - respiration in which the final electron acceptor is an organic compound.

Glycolysis - oxidation of glucose into pyruvic acid with formation of NADH and ATP.

Prep reactions - reaction of pyruvate (3 carbons) with coenzyme A to produce acetyl-CoA (2 carbons in acetyl group), CO2, and NADH.

Krebs cycle - complex series of reactions that liberates coenzyme A, degrades the acetyl group to 2 CO2s, regenerates the cycle's starting materials, and produces ATP, NADH and FADH2.

Electron transport system - a series of electron acceptors through which energetic electrons from NADH and FADH2 pass to oxygen, forming water and regenerating NAD+ and FAD. As they "drop" through the system, each FADH2 generates 2 ATP's, non-glycolysis NADHs generate 3 ATPs each, and NADHs derived from glycolysis generate 2 ATPs each.

Oxidative phosphorylation - generation of ATP by the passage of electrons through an electron transport system. This is 32 ATP per glucose in aerobic respiration.

Substrate-level phosphorylation - generation of ATP by reactions that do not involve an electron transport system. This is 4 ATP per glucose in aerobic respiration.

Chemiosmotic coupling - the theory that ATP is generated in electron transport when a large concentration of H+ ions build up in the mitochondrial outer compartment, and then flux of H+ ions into the inner compartment causes a synthesis of ATP.

Fermentation - energy-yielding pathways in which the final electron acceptor is an organic compound.  This compound becomes reduced by the accepted electrons (e.g., pyruvic acid becomes lactic acid). In humans, fermentation includes glycolysis, beginning with glucose and ending with lactate.

Great Oxidation Event - the accumulation of large amounts of oxygen in the atmosphere due to the appearance of oxygen-generating photosynthesis.  Oxygen allowed aerobic respiration and protected the earth's surface from UV light. The Great Oxidation Event began about 2.7 billion years ago and was completed about 0.6 billion years ago.

Photosynthesis
Heterotrophic - needing to eat preformed organic compounds. Cannot make organic compounds from CO2. 

Autotrophic - able to reduce CO2 to organic compounds.  Does not need preformed organic compounds.

Oxidized organic compound - organic compound with many oxygen atoms and few hydrogen atoms per carbon atom. Oxidized organic compounds have stable, low-energy electrons. Their chemical bonds contain little releasable energy.

Reduced organic compound - organic compound with up to two hydrogen atoms per carbon atom and a minimum of oxygen atoms. Reduced organic compounds tend to be unstable and have high-energy electrons. Their bonds contain much releasable energy.
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Energy source - the source of the energy used to energize electrons so they can be added to CO2 to reduce it.

Photosynthetic autotrophs - use light as an energy source. 

Chemosynthetic autotrophs - use the oxidation of reduced inorganic compounds like NH3, NO2-, S, H2, H2S, or CH4 as an energy source.

Electron source - the molecule that is the source of the electrons and hydrogen atoms that are added to CO2 by an autotroph to reduce it to sugar. In green plants, the electron source is water, and oxygen gas is released as a waste product. Some prokaryotes have other electron sources.

Reducing power - energy and energetic electrons stored in an electron acceptor such as NADPH or in ATP.  These electrons and energy are used to reduce CO2 to sugar.

Chloroplasts - in green plants, consist of grana and stroma, plus two outer membranes.

Grana - stacks of thylakoids.

Thylakoids - membrane sacs containing pigments and electron transport chains in their membranes.

Photosystem - an aggregation of about 200 chlorophyll a molecules, 200 chlorophyll b molecules, numerous xanthophyll and carotenoid molecules (the antenna molecules, which also shade the chlorophyll from excessive light), and one reaction center in the membrane of a thylakoid. 

Reaction center - a molecule of chlorophyll a called either P680 or P700. The P680 or P700 molecule is next to a molecule called the primary electron acceptor.

Cyclic photophosphorylation - synthesis of ATP without production of NADPH (nicotinamide adenine dinucleotide phosphate).  Electrons originate in and return to P700.

Noncyclic photophosphorylation - synthesis of ATP along with production of NADPH.  Electrons travel from water, through photosystem II, through photosystem I, and end their trip in NADPH.  Thus they do not return to their point of origin.

Hill Reaction - the splitting of a water molecule and the use of the electrons to replace the electrons excited out of photosystem II. The hydrogen ions accumulate in the thylakoid space, and the oxygen is released.

H2O --> 1/2 O2 + 2 e- + 2 H+
Oxygenic photosynthesis - photosynthesis that produces oxygen as a byproduct. This is different from many kinds of bacterial (but not cyanobacterial) photosynthesis that are "anoxygenic."

Chemiosmotic coupling - the theory that ATP is generated in photosynthesis when a large concentration of H+ ions build up in the thylakoid space due to the Hill Reaction, electron transport and use of NADPH. Then flow of H+ ions out of the thylakoid through an ATP synthase causes a synthesis of ATP. Flux of about three hydrogen ions generates one ATP.

Calvin cycle - a series of reactions that joins CO2 to ribulose bisphosphate, converts this to 3-phosphoglycerate, and then uses the reducing power of NADPH and ATP to convert this acid to glyceraldehyde-3-phosphate, a sugar. The highly oxidized CO2 has been reduced first to an acid and then to a sugar by using solar energy contained in the bonds of ATP and NADPH.

Light-Dependent Reactions
12 H2O + 18 ADP + 18 Pi + 12 NADP+ --> 6 O2 + 18 ATP + 12 NADPH + 12H+
Carbon Fixation Reactions
18 ATP + 12 NADPH + 6 CO2 + 6 RuBP --> 18 ADP + 18 Pi + 12 NADP+ + 6 RuBP + 











C6H12O6 + 6 H2O 

Stomata - tiny holes in leaves through which water is lost and CO2 is taken up.  When water stress occurs, the stomata are closed. In most plants, stomata are only open during the day. 

Photorespiration - a loss of fixed carbon without production of ATP or NADH.  Photorespiration is highest when stomata are closed, causing CO2 to be low and O2 to be high in the leaf. Oxygen then competes with CO2 for the active site on ribulose bisphosphate carboxylase.

C3 plants - plants that use the Calvin cycle alone to fix CO2.  They are called "C3" because the first stable compound in the Calvin cycle is a three-carbon molecule (phosphoglycerate). 

C4 plants - plants that fix CO2 using an extra step which results in the first stable compound being a four-carbon molecule (oxaloacetate).  C4 plants lose less carbon to photorespiration than C3 plants and can grow better under hot, dry conditions when their stomata are closed and carbon dioxide is in short supply.

CAM (crassulacean acid metabolism) plants - succulent desert plants (and pineapples) that keep their stomata open at night and capture CO2 in organic acids (usually malate). In the morning, they release the CO2 to the Calvin cycle.

Net photosynthesis - the difference between photosynthesis and respiration. This is usually positive during the day, when plants photosynthesize more than they respire, but it turns negative at night, when plants are respiring and not photosynthesizing. When net photosynthesis is positive, plants take up CO2 and give off oxygen. When net photosynthesis is negative, they give off CO2 and take up oxygen.

Compensation point - the dim light intensity (about 2% of full sunlight) at which photosynthesis is so low that it is just balanced by respiration.

Photooxidation - damage to photosynthetic pigments that occurs under intense light.
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Energy in the Ecosystem

Ecosystem - the abiotic environment plus the community of organisms that inhabits it.

Trophic level - a group of species that have the same feeding relationship to the primary producers (e.g., they are the primary producers, they eat the primary producers, they eat the organisms that eat the primary producers, etc.).

Primary producer - an organism that uses either light or chemical energy to reduce carbon dioxide to sugar. Mostly these are green plants, but photosynthetic or chemosynthetic bacteria are also primary producers.

Consumer - an organism that feeds on living organisms.  Herbivores are primary consumers and carnivores are secondary consumers.

Detritivore - an organism that feeds on dead organic matter (detritus).

Decomposer - a microorganism (usually a fungus or bacterium) that breaks down dead organic matter.

Food chain - a diagram of energy flow in which there is usually one organism on each trophic level, and any species can only exist on one trophic level.

Food web - a diagram of energy flow in which there can be multiple organisms on each trophic level, and a species can participate in more than one trophic level.

Standing crop - the amount of biomass per unit area at a particular time.

Productivity - the rate of synthesis of biomass over a time period.

Pyramid of productivity - over the long term, always must be true because higher trophic levels can only capture energy by eating lower trophic levels.

Pyramid of biomass - over the long term, usually is true, but persistent inverted pyramids of biomass can exist.

Inverted pyramid of biomass - there is a smaller biomass of prey than there is of predators.  If this persists, it is usually due to a high prey reproductive rate or productivity. In other words, if a small prey biomass is reproducing quickly, the new organisms produced can keep a larger predator biomass supplied with food.

Pyramid of numbers - may or may not be true, depending on the size of the organisms involved.

